, and enables the development of electrically coupled spintronic devices, such as voltage-controlled magnetic memories with low operation energy [4] [5] [6] . Previous studies on dilute magnetic semiconductors such as (Ga,Mn)As and (In,Mn)Sb have demonstrated large modulations of the Curie temperatures and coercive fields by altering the magnetic anisotropy and exchange interaction 2,4,7-9 . Owing to their unique magnetic properties 10-14 , the recently reported two-dimensional magnets provide a new system for studying these features Bilayer CrI 3 is a layered antiferromagnet with a Néel temperature of about 45 K (refs 15,16 ). As shown in Fig. 1a , spins within each monolayer are aligned ferromagnetically (FM) out of plane, while their interlayer coupling is antiferromagnetic (AFM); this results in a vanishing net magnetization. In principle, there are two energetically degenerate AFM ground states, which form a time-reversal pair. We label this ↑ ↓ and ↓ ↑ , where the first and second arrows denote the out-of-plane magnetizations in the top and bottom layers, respectively. Previous work has shown that, on increasing the magnetic field in the out-of-plane direction, bilayer CrI 3 undergoes a metamagnetic transition from a layered AFM state to an FM state (↑ ↑ or ↓ ↓ ) 15, 20, 21 . Magnetic fields of about 0.6-0.8 T are sufficient to drive the metamagnetic transition, indicating that the interlayer AFM coupling is weak and on the same energy scale. This layered AFM ordering with weak AFM coupling across the van der Waals gap presents an opportunity to realize electrically tunable magnetism.
, and enables the development of electrically coupled spintronic devices, such as voltage-controlled magnetic memories with low operation energy [4] [5] [6] . Previous studies on dilute magnetic semiconductors such as (Ga,Mn)As and (In,Mn)Sb have demonstrated large modulations of the Curie temperatures and coercive fields by altering the magnetic anisotropy and exchange interaction 2, 4, [7] [8] [9] . Owing to their unique magnetic properties [10] [11] [12] [13] [14] , the recently reported two-dimensional magnets provide a new system for studying these features [15] [16] [17] [18] [19] . For instance, a bilayer of chromium triiodide (CrI 3 ) behaves as a layered antiferromagnet with a magnetic field-driven metamagnetic transition 15, 16 . Here, we demonstrate electrostatic gate control of magnetism in CrI 3 bilayers, probed by magneto-optical Kerr effect (MOKE) microscopy. At fixed magnetic fields near the metamagnetic transition, we realize voltage-controlled switching between antiferromagnetic and ferromagnetic states. At zero magnetic field, we demonstrate a time-reversal pair of layered antiferromagnetic states that exhibit spin-layer locking, leading to a linear dependence of their MOKE signals on gate voltage with opposite slopes. Our results allow for the exploration of new magnetoelectric phenomena and van der Waals spintronics based on 2D materials.
Bilayer CrI 3 is a layered antiferromagnet with a Néel temperature of about 45 K (refs 15, 16 ). As shown in Fig. 1a , spins within each monolayer are aligned ferromagnetically (FM) out of plane, while their interlayer coupling is antiferromagnetic (AFM); this results in a vanishing net magnetization. In principle, there are two energetically degenerate AFM ground states, which form a time-reversal pair. We label this ↑ ↓ and ↓ ↑ , where the first and second arrows denote the out-of-plane magnetizations in the top and bottom layers, respectively. Previous work has shown that, on increasing the magnetic field in the out-of-plane direction, bilayer CrI 3 undergoes a metamagnetic transition from a layered AFM state to an FM state (↑ ↑ or ↓ ↓ ) 15, 20, 21 . Magnetic fields of about 0.6-0.8 T are sufficient to drive the metamagnetic transition, indicating that the interlayer AFM coupling is weak and on the same energy scale. This layered AFM ordering with weak AFM coupling across the van der Waals gap presents an opportunity to realize electrically tunable magnetism.
To explore gate-controlled magnetoelectric effects, we fabricated gated bilayer CrI 3 devices. Bulk CrI 3 crystals were mechanically exfoliated onto 285 nm SiO 2 /Si substrates in an argon glove box to obtain bilayer CrI 3 flakes (see Methods). The structure of a representative bilayer CrI 3 device is shown in Fig. 1b . This device is a vertical stack composed of a bilayer CrI 3 flake and a graphite contact encapsulated between two hexagonal boron nitride (hBN) flakes and a graphite top gate (see Methods) 22 . The hBN flakes protect the bilayer CrI 3 from degradation under ambient conditions and also act as dielectric layers for electrostatic doping upon gating. Figure 1c presents a bright-field micrograph of a gated bilayer CrI 3 device. The out-of-plane magnetization was probed either by polar magneto-optical Kerr effect (MOKE) microscopy for devices without a top gate or by reflectance magneto-circular dichroism (RMCD) microscopy for dual-gated devices. Both techniques directly measure the out-of-plane magnetization (see Methods) 23 . A 633 nm HeNe laser focused to a 1 µ m beam spot with 10 µ W of optical power was used for all experiments, which were performed at 15 K unless otherwise specified. Figure 1d shows a representative RMCD signal of dual-gated bilayer CrI 3 (Device 1) as a function of an out-of-plane magnetic field (µ 0 H) at zero gate voltage. The orange curve corresponds to sweeping µ 0 H from a negative to a positive value, and the green curve shows the time-reversed process. For magnetic fields smaller than 0.8 T, the RMCD signal nearly vanishes, corresponding to the layered AFM states, either ↑ ↓ or ↓ ↑ . However, unlike the as-exfoliated bilayer samples measured without van der Waals assembly 15 , there is a remnant RMCD signal, implying that the net magnetization is not completely suppressed in the AFM configurations. We often observe this remnant RMCD signal in bilayer devices that have been through the van der Waals assembly process. This could be caused by breaking out-of-plane symmetry of the bilayer during device fabrication such that the magnetizations from the two layers do not exactly cancel. At a critical field, µ 0 H 0 = ± 0.8 T, we observe a sharp jump in the RMCD signal from near-zero up to 3%, and this increased signal is spatially homogeneous across the entire device ( Supplementary Fig. 1 ). This is consistent with the previous report for as-exfoliated bilayer CrI 3 , implying that an external magnetic field drives a metamagnetic transition in which the bilayer switches from the layered AFM states (↑ ↓ or ↓ ↑ ) to an FM state (↑ ↑ or ↓ ↓ ) 15 . Remarkably, the metamagnetic transition is highly controllable by electrostatic gating. We performed MOKE measurements on a second device fabricated with a single gate (Device 2) while varying both the magnetic field and gate voltage. In this device, we apply the gate voltage through a SiO 2 /Si back gate while leaving the bilayer CrI 3 uncovered to minimize the impact of device fabrication on the CrI 3 bilayer. Figure 2a 
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µ 0 H c has shifted by roughly 0.2 T, from 0.7 T at − 50 V to 0.5 T at 50 V. Considering that the critical field is about 0.6 T for V bg = 0 V, this corresponds to tuning the critical field by around 30% via electrostatic gating. The shift in µ 0 H c is bidirectional and linear; that is, when a positive gate voltage is applied, the absolute value of the critical field is decreased, and vice versa for negative gate voltages.
Due to this strong dependence of the critical field on the gate voltage, we can then realize an electrically controlled transition between the layered AFM and FM phases when the magnetic field is fixed near µ 0 H c . Figure 2c shows such an electrically controlled magnetic phase transition at three selected magnetic fields, corresponding to vertical line cuts on the phase map in Fig. 2a . The MOKE signal starts near zero at negative gate voltages, corresponding to AFM ordering. As the voltage increases to a critical value, the MOKE signal quickly rises and reaches a saturated value, demonstrating electrical switching to the FM state. For the three selected magnetic fields ranging from 0.58 to 0.62 T, the required voltage to initiate the transition from the layered AFM states to the FM ↑ ↑ state shifts towards positive gate voltage with decreasing applied magnetic field.
In single-gated devices, an applied gate voltage introduces both an interlayer bias and layer-dependent electrostatic doping. To determine which of the two effects dominates the gate-tunable magnetic phase transition, we investigated a dual-gated device to enable independent control over the doping and electric field. Under application of a single gate, the dual-gated device behaves similarly to Device 2 ( Supplementary Figs. 2 and 3) . After identifying the critical field for the metamagnetic transition, we fixed the magnetic field near the transition and measured the RMCD signal as a function of both gates. Figure 3a shows the RMCD intensity plot as a function of both top-and back-gate voltages at µ o H = 0.78 T. The graphite top gate was swept between + 6 and − 6 V and the silicon back gate between + 15 and − 15 V. The red region on the right is the large, positive signal from the ↑ ↑ state, and the pink region on the left is the much smaller signal from the layered AFM state. Using a parallel-plate capacitor model [24] [25] [26] , we estimated the constant-doping and constant-field contours on the phase map (see Methods).
The metamagnetic transition, that is, the boundary between the red and pink regions, lies nearly parallel to the constant-doping contours as indicated by the dashed line in Fig. 3a (for the time-reversal counterpart at negative magnetic fields, see Supplementary Fig. 4 ). Though CrI 3 is insulating, recent transport measurements on fewlayer devices have shown electron (n-type) conduction at room temperature, implying that it is possible to electrostatically dope CrI 3 (ref. 27 ). To further confirm this, we performed magnetic field sweeps of the RMCD signal at several doping levels with the same displacement field (Fig. 3b) , and at several displacement fields with the same doping level (Fig. 3c) . These clearly show that the doping level dominantly affects the critical field. This is not surprising, because in other magnetic systems, doping leads to modulation of orbital occupation 2, 4, 7, 8 , exchange interactions and magnetic anisotropy [28] [29] [30] [31] [32] , and thus a change in the magnetism. Our observation may stimulate theoretical investigations of whether doping in 2D magnets introduces similar modulation effects.
In addition to gate-voltage tuning of the metamagnetic transition, we also realized electrical control of the layered AFM states at zero magnetic field. We first prepared the system by starting in the ↑ ↑ state with an applied magnetic field of 1 T, and then swept the field back to zero (Initialization 1, inset Fig. 4a ). Remaining at zero external magnetic field, we swept the back-gate voltage and observed a MOKE signal linearly dependent on the voltage with a slope of − 0.04 mrad V −1 (Fig. 4a) . Similarly, we prepared the bilayer for its time-reversal state by starting in the ↓ ↓ state with a magnetic field of − 1 T and sweeping the field back to zero (Initialization 2, inset Fig. 4b ). In Fig. 4b , the MOKE signal also exhibits a linear dependence on the gate voltage, but with an opposite slope of 0.04 mrad V . These results demonstrate that the two initialization processes lead to two distinct layered AFM states, ↑ ↓ and ↓ ↑ , which are time-reversed pairs, and that we have full electrical tunability over the AFM states even at zero magnetic field.
This observed magnetoelectric coupling in the layered AFM states is a result of broken time-reversal and inversion symmetry due to the applied gate voltage 33 , and can be intuitively explained by the spin-layer locking effect. For an AFM state at zero field, the spin (magnetization) orientation is locked to the layer cm −2 (red) for zero displacement field. c, RMCD signal as a function of applied magnetic field at several displacement fields ranging from 0 V nm −1 (red) to 0.6 V nm −1 (black) for zero doping. The metamagnetic transition is clearly insensitive to changes in the displacement field but strongly dependent on doping level.
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pseudospin that labels the geometric top and bottom layers (Fig. 1a) . A direct consequence of this spin-layer locking effect is that the creation of a layer polarization is accompanied by a net magnetization 34, 35 . In the AFM configuration, the opposite spin orientations of the two layers quench the interlayer hopping and hence the layer hybridization 25, 34 . Application of an electrostatic gate voltage then creates a layer polarization of the carriers, resulting in net magnetizations of opposite signs in the ↑ ↓ and ↓ ↑ states. The layer polarization and hence net magnetization has a linear dependence on the gate voltage, consistent with the observed gate dependence of the MOKE signal in Fig. 4 . Tunability of the net magnetization with gate voltage also disappears when the bilayer device is warmed to ~40 K, showing that the bilayer Néel temperature is unaffected within the applied gate voltage range ( Supplementary Fig. 5a,b) .
Furthermore, this allows us to identify and controllably access the two energetically degenerate AFM states. The application of a positive gate voltage results in a larger electron density in the bottom layer than in the top layer. If the bilayer is in the ↑ ↓ state, the net magnetization then points down with a negative slope of the MOKE signal as a function of gate voltage. The ↓ ↑ state will then have a positive slope in the gate-dependent MOKE signal. Though the device assembly process may already break the degeneracy between the ↑ ↓ and ↓ ↑ states, the signs of the gatedependent MOKE slopes are nevertheless fingerprints for distinguishing between the two AFM states. Based on Fig. 4a,b , we can definitively determine that, by using Initialization 1, the ↑ ↑ state transitions to the ↑ ↓ state, and by using Initialization 2, the ↓ ↓ state transitions to the ↓ ↑ state.
In summary, we have demonstrated two forms of electrical control of magnetism in a van der Waals layered AFM insulator, bilayer CrI 3 . First, in an applied magnetic field, the critical field for the metamagnetic transition can be tuned by up to 30% by applying a gate voltage, allowing a gate-voltage-driven phase transition from a layered AFM phase to an FM phase. Dual gate studies show that the mechanism is dominated by electrostatic doping. Second, at zero magnetic field, the net magnetization can be continuously tuned by gate voltage. The two AFM states, ↑ ↓ and ↓ ↑ , show the same linear dependence of the MOKE signal on gate voltage but with opposite signs, which provides an experimental measure to distinguish these two degenerate magnetic states. Our work shows that van der Waals magnets provide a new system for exploring magnetoelectric effects and their potential applications in gatetunable spintronics.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41565-018-0121-3. 
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Methods
Device fabrication. Bulk CrI 3 crystals were grown by the direct vapour transport method as previously reported 15, 19 . All fabrication using these crystals was performed in a glove box with an argon atmosphere. The crystals were mechanically exfoliated onto either 285 nm SiO 2 /Si substrates for dual-gated devices (for example, Device 1) or the commercially available viscoelastic polymer gel film from Gel-Pak (for example, Device 2). Bilayer monocrystalline flakes were identified by their optical contrast relative to the substrate.
Van der Waals assembly of the stack for a dual-gated device was performed in the glove box using the dry transfer polymer technique with a poly(bisphenol A carbonate) film placed over a polydimethylsiloxane square serving as our stamp 17 . The flakes were picked up sequentially: graphite top gate, top hBN, graphite contact, bilayer CrI 3 , bottom hBN.
Metallic Cr/Pd contacts on 285 nm SiO 2 /Si substrates were prepared using standard electron-beam lithography and bilayer poly(methyl methacrylate) resist fabrication techniques. Each chip was fixed to a dual in-line package socket with silver paint and wire-bonded to the socket.
The completed dual-gated stacks were transferred on top of the Cr/Pd contacts and released by heating to 170 °C. The non-encapsulated devices were fabricated by transferring the as-exfoliated bilayer CrI 3 flake on gel film directly onto the metallic contacts. Finally, each socket was sealed with a glass coverslip using Crystalbond 509 (Ted Pella) under inert conditions to permit optical measurements.
MOKE and RMCD microscopy. Materials that exhibit an out-of-plane magnetization M may also display magnetic circular birefringence (MCB) and magnetic circular dichroism (MCD). Both MCB and MCD accrue a difference in the phase and amplitude, respectively, between right-and left-circularly polarized (RCP, LCP) light that vary as a function of M. When linearly polarized light, an equal superposition of RCP and LCP, is normally incident and reflects off the magnetized material, the phase difference between RCP and LCP leads to a rotation of the linear polarization through an angle θ K from the magneto-optical Kerr effect (MOKE) and induces ellipticity through RMCD.
Both MOKE and RMCD measurements were performed in a closed-cycle helium cryostat with a base temperature of 15 K. A superconducting solenoidal magnet allowed fields of up to 7 T in the Faraday geometry to be applied on all devices. The a.c. lock-in measurement technique used to measure the MOKE and RMCD signal closely follows previous characterizations of the magnetic order in atomically thin CrI 3 . For RMCD measurements, the analysing polarizer was removed, and the lock-in frequency was set to the fundamental frequency of the photoelastic modulator (PEM) rather than its second harmonic 15, 23 .
Calculation of constant doping line. Following the methodology from refs. 24, 25 , our dual-gated bilayer CrI 3 device can be approximated as a parallel-plate capacitor to obtain the constant doping (n) and constant electric displacement field (D) contours for the dual gate phase map. The parallel-plate capacitor model can be an oversimplified calculation for obtaining the doping levels. Nonetheless, we use it to estimate the doping level n, which has the form Because the aim of this calculation is to show whether the metamagnetic transition shown in Fig. 3a arises from a change in n or a change in D, we can find one such constantdoping contour by setting n = V tg = V bg = 0, as these terms only offset the contour by an arbitrary constant. The areal capacitance is given as C = ε/d, where ε is the permittivity of the dielectric layer and d is the thickness of the dielectric layer. Including the bottom hBN encapsulation layer with the SiO 2 dielectric layer in the bottom areal capacitance, equation (1) for Device 1 simplifies to The out-of-plane static dielectric constants of hBN and SiO 2 , ε hBN and ε SiO 2 , respectively, are 4 and 3.9 (ref. 21 ). The device sits on top of 285 nm SiO 2 substrate, and both top and bottom hBN flakes were 30 nm. Similarly, we can also obtain the zero-displacement field contour by starting with the general expression for the applied displacement field: and removing the same terms as when obtaining equation (2): Data availability. The data that support the findings of this study are available from the corresponding authors upon reasonable request.
